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We apply the numerical aperture increasing lens technique to subsurface thermal emission
microscopy of Si integrated circuits. We achieve improvements in the amount of light collected and
the spatial resolution, well beyond the limits of conventional thermal emission microscopy. We
experimentally demonstrate a lateral spatial resolution of 1.4 mm and a longitudinal spatial
resolution of 7.4 mm, for thermal imaging at free space wavelengths up to 5 mm. © 2004 American
Institute of Physics. @DOI: 10.1063/1.1758308#
A thermal emission microscope measures the tempera-
ture of an object by collecting mid-infrared photons incoher-
ently radiated from that object. The Stefan–Boltzmann Law
states that an object in thermal equilibrium, with constant
emissivity, radiates a total optical power proportional to its
absolute temperature to the fourth power. An object that has
a spatial distribution of temperature is, by definition, not in
thermal equilibrium. Such an object may, however, be di-
vided into microscopic volumes that have the same tempera-
ture and are each in thermal equilibrium. A thermal emission
microscope measures the local temperature of each micro-
scopic volume by independently collecting the light radiated
by that volume. Unlike scanning thermal microscopy,1
micro-Raman spectroscopy,2 thermoreflectance,3 and other
thermal microscopy techniques,4,5 thermal emission micros-
copy is the only passive technique that can directly measure
the temperatures of subsurface volumes.
In semiconductor failure analysis, a thermal emission
microscope is an invaluable tool for mapping the tempera-
tures of Si integrated circuits ~Si ICs!. Thermal radiation
from a Si IC with constant emissivity is primarily at mid-
infrared wavelengths, with a peak at a wavelength between 6
mm and 10 mm, at typical temperatures in failure analysis,
between 200 °C and 20 °C, respectively. Most thermal emis-
sion microscopes employ an InSb detector or a PtSi charge
coupled device camera, detecting light at free space wave-
lengths up to 5 mm. Thus, most of the signal results from
light at free space wavelengths between 4 mm and 5 mm.
Current Si IC technology includes many opaque metal layers
and structures above semiconductor devices, thereby hinder-
ing topside thermal emission microscopy of these buried de-
vices in their final state. Thus, backside thermal emission
microscopy through the Si substrate is used almost exclu-
sively in failure analysis. Additionally, most thermal radia-
tion propagates into the Si substrate, because of the Si sub-
strate’s high refractive index at mid-infrared wavelengths. At
a free space wavelength (l0) of 5 mm, the refractive index
~n! of Si is 3.43. The Si substrate is both transparent and
homogeneous at mid-infrared wavelengths, allowing thermal
radiation to propagate through it. However, reflection and
refraction of light at the planar surface of the Si substrate
limits the amount of thermal radiation a thermal emission
microscope can collect, as illustrated in Fig. 1~a!. Reflection
allows less than 3% of unpolarized light, uniformly emitted
from a circuit, to escape the sample, according to the Fresnel
formulae. Furthermore, much of the light that escapes the
sample is refracted at high angles, which most thermal emis-
sion microscopes cannot collect because of their low numeri-
cal aperture. The absence of light from above the critical
angle (uc), ultimately limits the lateral spatial resolution to
2.5 mm (l0/2n sin uc) and the longitudinal spatial resolution
to 34 mm (l0 /n(12cos uc)), for conventional thermal emis-
sion microscopes operating at free space wavelengths up to 5
mm.6 Typical lateral spatial resolution values are about 3 mm
for state-of-the-art commercial systems.7 However, Si IC
technology has reached submicron process size scales, well
beyond the spatial resolution capability of conventional ther-
mal emission microscopy. The large refractive index of Si at
mid-infrared wavelengths offers the potential for significant
improvement in the amount of light collected and the spatial
resolution, if the planar barrier can be circumvented.
The addition of a numerical aperture increasing lens
~NAIL!,8,9 a plano-convex optic, allows more light to escape,
as illustrated in Fig. 1~b!. The NAIL is made of Si, matching
the refractive index of the Si substrate, so that light propa-
gates from the Si substrate into the NAIL without refraction
at the interface. After propagating through the NAIL, the
light then refracts at the spherical surface into air, and is
collected by a thermal emission microscope. For a substrate
thickness ~X!, the radius of curvature of the spherical surface
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FIG. 1. Thermal emission from ~a! a Si IC and ~b! a Si IC with the addition
of a NAIL.
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~R! and the center thickness ~D! of the NAIL are chosen by
the relationship D1X5R(111/n), so that the thermal im-
age is spherical aberration free, or stigmatic.10 A NAIL theo-
retically allows up to 63% of unpolarized light, uniformly
emitted from a circuit, to reach a thermal emission micro-
scope within a numerical aperture of 0.29. With a NAIL, our
thermal emission microscope collected 8% of the light emit-
ted from a circuit at best focus. This enhancement in the
amount of light collected, compared to a theoretical maxi-
mum of 3% without a NAIL, greatly improves the thermal
resolution of a thermal emission microscope. The diffraction
of light theoretically limits the lateral spatial resolution to
0.73 mm and the longitudinal spatial resolution to 1.5 mm,
for thermal emission microscopes with a NAIL, operating at
free space wavelengths up to 5 mm. With a NAIL, we ex-
perimentally demonstrate a lateral spatial resolution of 1.4
mm and a longitudinal spatial resolution of 7.4 mm. Although
we do not achieve the theoretical limits of NAIL microscopy,
our experimental results represent a significant improvement
over state-of-the-art conventional thermal emission micros-
copy.
Several issues caused our experimental results to fall
short of the theoretical limits of NAIL microscopy. Conven-
tional thermal emission microscopes are designed to mini-
mize the effects of chromatic aberration over the range of
mid-infrared wavelengths they collect. However, refraction
at the spherical surface of a NAIL imparts a chromatic aber-
ration proportional to R, which deteriorates the spatial reso-
lution. Although the spacing between the substrate and the
NAIL can be minimized by polishing both surfaces, a finite
gap remains, since in practice the two surfaces are not per-
fectly planar. As the size of the gap increases monotonically
with R, less light evanescently couples from the Si substrate
across the gap into the NAIL. These two issues lead us to
choose a smaller value of R, however, in doing so we reduce
the numerical aperture of the NAIL. In our experiments, we
attempted an optimization by choosing a value of R large
enough to allow a numerical aperture of 2.7, but small
enough to reduce the longitudinal chromatic aberration term
to 0.6 mm. Also note that the gap, compared to previous
experiments at near-infrared wavelengths,8 has a smaller ef-
fect at mid-infrared wavelengths, because the evanescent de-
cay length is proportional to the wavelength. A final issue,
common to all diffraction limited microscopes, is the tradeoff
between the amount of light collected and the spatial resolu-
tion resulting from the size of the aperture or detector in the
image space. We chose a detector size in our thermal emis-
sion microscope that demonstrates significant improvements
in both quantities.
We built a thermal emission microscope, tailored for ex-
amination of a Si IC, using a NAIL. A computer controlled
piezo stage is utilized to scan the Si IC and NAIL under the
objective lens and the signal voltage is acquired using LAB-
VIEW software. A lamp and a condenser lens below the stage
provide illumination for visual inspection. Light from the Si
IC and NAIL first encounters a mid-infrared, achromatic,
objective lens with a numerical aperture of 0.25. A cold mir-
ror then reflects near-infrared wavelengths to an InGaAs
FIG. 2. The signal, as a function of the peak power applied to a 2 mm wide
Al line, obeys the Stefan–Boltzmann law.
FIG. 3. ~a! Inspection image of a 0.8 mm wide Al line, taken by an InGaAs
camera and ~b! thermal emission image of the Joule heating in the Al line,
taken with an InSb detector at best focus.
FIG. 4. ~a! Signal and radiant exitance from a 0.8 mm wide Al line, as a
function of lateral distance, and ~b! resulting line spread function of the
NAIL microscope with a FWHM of 1.4 mm.
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camera for visual inspection, and transmits the mid-infrared
wavelengths to a cooled, 50 mm diameter, InSb detector,
which detects light at wavelengths from 3 mm to 5 mm for
thermal emission microscopy. To test our thermal emission
microscope, we fabricated a sample with passivated Al ~1%
Si! lines of varying widths and pads for electrical connection
on a 1 mm thick Si wafer. We also had a matching Si NAIL
manufactured with an R of 1.61 mm and a D of 1.07 mm.
Joule heating an Al line generates a spatial distribution of
temperature narrow enough to demonstrate a significant im-
provement in spatial resolution. We used a 2 mm wide Al line
for most measurements, because it offers more thermal ra-
diation and a better signal to noise ratio than a 0.8 mm wide
Al line we used to test the lateral spatial resolution. The
sample is flip chip bonded to a printed circuit board for con-
nection and mounting to the piezo stage. The Al lines are
driven by a sinusoidal voltage at a frequency of 900 Hz from
a signal generator, while a lock-in amplifier measures the
signal, which is the amplitude of the detector signal at the
second harmonic of the drive voltage.
In our experiments, the signal levels are similar, with
and without the NAIL, because the NAIL collects more light
from the sample, but from a smaller volume. The signal, as a
function of the peak power applied to the 2 mm wide Al line,
obeys the Stefan–Boltzmann Law, as shown in Fig. 2. An
inspection image of the 0.8 mm wide Al line, taken by the
InGaAs camera, is shown in Fig. 3~a!. A thermal emission
image of the Joule heating in the Al line from a peak power
of 0.058 W, taken with the InSb detector at best focus, is
shown in Fig. 3~b!. The signal, as a function of lateral dis-
tance, shown in Fig. 4~a!, is a linecut from the thermal emis-
sion image in Fig. 3~b!, and has a full width at half maxi-
mum ~FWHM! of 1.6 mm. The simulated radiant exitance
from the bottom surface of the Al line is also shown in Fig.
4~a!. The line spread function shown in Fig. 4~b! is decon-
volved from the signal and the simulated radiant exitance
from the Al line. According to the Houston criterion, we
demonstrate a lateral spatial resolution of 1.4 mm. In Fig. 5,
the signal from the center of the 2 mm wide Al line, from a
peak power of 0.36 W, as a function of longitudinal distance
from best focus, has a FWHM of 11.6 mm. The collection
focus is in the Si substrate for positive defocus values, and is
below the Si/Al/air interface for negative defocus values,
where the signal is the result of radiation from the sides of
the Al line and reflection from the interface.11–13 The FWHM
of the signal, from the positive defocus values, indicates a
longitudinal spatial resolution of 7.4 mm.
In summary, we have demonstrated the application of
NAIL technique to thermal emission microscopy, resulting in
significant improvements. In subsurface thermal emission
microscopy of Si ICs, we demonstrated improvements in
both the lateral and longitudinal spatial resolutions, well be-
yond the limits of conventional thermal emission micros-
copy. Since the amount of light collected was not adversely
affected by NAIL microscopy, while the resolution was im-
proved, we believe that this technique will be widely used in
thermal emission microscopy for semiconductor failure
analysis.
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FIG. 5. Signal from the center of a 2 mm wide Al line, as a function of
longitudinal distance from best focus.
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